Recent studies revealed that the lymphotoxin/lymphotoxin beta receptor (LT)/ LT␤R system activates the noncanonical nuclear factor-B (NF-B) signaling pathway involving I kappa B kinase 1/I kappa B kinase ␣ (IKK1/IKK␣) and NF-B-inducing kinase (NIK) to direct processing of the nfb2 protein p100 to yield RelB:p52 complexes. Despite the biochemical evidence, LT-, RelB-, p52-deficient mice show discrepant phenotypes. We now demonstrate that p105/p50 also constitutes an important pathway for LT␤R signaling. Our studies revealed that mice deficient in either p50 or p52 have defects in the formation of inguinal lymph nodes (LNs), but that the complete defect in lymph node formation and splenic microarchitecture seen in LT-deficient mice is recapitulated only in mice deficient in both p50 and p52. Biochemically, we find not only that both p50-and p52-containing NF-B activities are induced by LT␤R signaling, but that the induction of NF-B-containing complexes by LT␤R engagement is perturbed in single knockouts. Importantly, the LT␤R can additionally activate the less well-characterized p52:RelA and p50:RelB pathways, which play pivotal roles in vivo for the development and organization of lymphoid structures. Our genetic, cellular, and molecular evidence points toward a model of LT-mediated NF-B regulation in which p105/p50 and p100/p52 have distinct and coordinating molecular specificities but differ in the upstream signaling pathways that regulate them. (Blood. 2006;107:1048-1055)
Introduction
One of the primary hallmarks of the immune system is the ability to mount rapid and highly active responses to specific pathogens. Organization is a critical feature for immunity. Lymph nodes (LNs) are situated at strategic areas throughout the body to monitor the fluids that drain and cells that migrate there for pathologic changes. The development of LNs can be traced back to embryonic day 12.5 (E12.5) in the murine system, with the identification of lymphoid tissue inducer cells (LTICs) in the LN anlagen. 1, 2 The hematopoietically derived LTICs are CD4 ϩ CD3 Ϫ IL-7R␣ ϩ and express membrane-bound lymphotoxin (LT␣ 1 ␤ 2 ). The LTICs then provide this critical LT signal via the lymphotoxin beta receptor (LT␤R) on the mesenchymal cells of the LN anlagen to orchestrate the complex steps of LN development. [2] [3] [4] LT␣-and LT␤R-deficient mice thus fail to receive this signal and develop sans LNs. 5, 6 Beyond its early role in LN organogenesis, LT signaling is required for a number of processes pertaining to the organization of secondary lymphoid tissues in the adult mouse. 3, 7 Some of the critical elements controlled by LT include expression of homeostatic chemokines, follicular dendritic cells (FDCs), and marginal zone development. 8, 9 The homeostatic lymphoid chemokines SLC/CCL21, CXCL13/BLC, and their receptors have also been demonstrated to play a role in LN organogenesis. [10] [11] [12] Additionally, CCL21 and CXCL13 are expressed by different subsets of stromal cells in the T-and B-cell zones, respectively, of secondary lymphoid organs. The differential localization of these 2 chemokines parallels and supports T-and B-cell compartmentalization within lymphoid tissues. 13 Furthermore, primary and secondary immune responses for T and B lymphocytes as well as immunoglobulin switching and germinal-center formation are impaired in LT-deficient mice. 14 Nuclear factor-B (NF-B)/Rel proteins are a family of pleiotropic transcription factors that regulates the expression of genes in numerous basic biological processes such as development, proliferation, survival, and differentiation. 15 The impacts of NF-B are pervasive as its effects extend across multiple systems in immunology, oncology, neurology, angiogenesis, and skeletal development. RelA (p65), RelB, c-Rel, NF-B1 (p50, which is processed from p105), and NF-B2 (p52, which is processed from p100) share the Rel homology domain (RHD) and make up the NF-B family in mammals. 16, 17 NF-B/Rel proteins can function as either homo-or heterodimers with many possible complexes. NF-B activity is in part controlled by its associations with the inhibitory IB family of proteins which include the p105 and p100 precursors. IB activity in turn is regulated by the IB kinase (IKK) complex, which through phosphorylation and subsequent ubiquitination targets the IB family of proteins for degradation/ processing. 18 The liberated NF-B complexes rapidly accumulate in the nucleus and are capable of binding cognate B-sites and direct transcription of NF-B target genes. Posttranslational modification by phosphorylation, nuclear-cytoplasmic shuttling, and association with histone deacetylases are some of the additional regulatory steps in NF-B activation. 15, 18 Recently, another major evolutionarily conserved NF-B pathway was identified in mammals. Studies of LT/LT␤R signaling were instrumental in defining this so-called noncanonical pathway through the kinase activity of IKK1/IKK␣. 19 Secondary lymphoid organ deficiencies in mice harboring kinase-inactive IKK1 were correlated with an absence of LT␤R-inducible proteolytic processing of Nfkb2-encoded p100 to p52. 19, 20 p52 was subsequently shown to function as a dimer with RelB, and the NF-B-inducing kinase (NIK) was implicated as an upstream regulator of IKK1/ IKK␣ activity and a required LT pathway signal transducer. 21, 22 Thus, our current understanding is that the noncanonical NF-B pathway uses the NIK/IKK1 axis to induce RelB:p52 heterodimers that are hypothesized to regulate the expression of lymphoid chemokines, such as stromal cell-derived factor 1␣ (SDF-1␣)/ CXC12, B lymphoblastoid cell (BLC)/CXCL13, secondary lymphoid tissue chemokine (SLC)/CCL21, and EBI1 ligand chemokine (ELC)/CCL19. While inflammatory stimuli such as tumor necrosis factor (TNF), interleukin-1 (IL-1), and lipopolysaccharide (LPS) are potent inducers of the "canonical" pathway, in which the regulation of IB-␣, -␤, and -⑀ proteins is sufficient to model its dynamic functionality, 23 ligands such as LT␤, CD40L, and B-cellactivating factor of the TNF family (BAFF) have been intimately linked with the noncanonical pathway, 20 whose mechanistic regulation and correlation with physiologic function is not yet as fully understood.
Previous work implied a critical role for p100/p52 in LT signaling and secondary lymphoid organ development; however, p100/p52-deficient mice were reported to exhibit only the limited phenotype characteristic of LT-or LT␤R-deficient mice. 4 These mice seem to have impaired development of LNs and the smaller size of inguinal LNs may be associated with stromal defect. 24 In contrast, mice doubly deficient in RelA and TNFRI lacked secondary lymphoid organs, implicating the role of the classical RelA:p50 heterodimer in physiologic LT signaling. 25 The role of p50, however, in the LT␤R pathway has remained unclear because p50-deficient mice did not present with any major lymphoid organization phenotypes typically found in LT-deficient mice. 4, 26 Since RelA and RelB are known to form heterodimers with p50 and p52, respectively, we considered the possibility that p50 and p52 may provide obligate and parallel functions within the NF-B signaling network in response to LT␤R stimulation. To elucidate the relationship between p50-and p52-mediated signaling in lymph node organogenesis, we have examined phenotypes in p50 and p52 doubly mutant mice and undertook a biochemical characterization of p50 and p52 in LT signaling. In particular, we find significant deficits in lymph node formation, recapitulating the major phenotype of LT-deficient mice, and partial defects in both single mutants. Furthermore, we show that both p50 and p52 are activated by LT␤R signaling and that their regulation is remarkably interdependent. Our study highlights the previously unappreciated role of p50 in the LT pathway and reveals critical, but asymmetric crosstalk between p50 and p52 in LT␤R-mediated development and organization of secondary lymphoid tissues.
Materials and methods

Mice and LN detection
Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ mice were intercrossed as previously described. 27 Nfkb1 Ϫ/Ϫ mice were also purchased from Jackson Laboratories (Bar Harbor, ME). Animal care and use were in accordance with institutional and National Institutes of Health guidelines. Mice received intraperitoneal injections of 200 L 0.33% Chicago Sky Blue and were scored for the presence or absence of LNs 7 to 10 days later as previously described. 11
Cells and reagents
Mouse embryo fibroblasts (MEFs) were derived from embryonic day (E) 12.5-E13.5 embryos, grown in Dulbecco modified Eagle medium (DMEM) ϩ 10% bovine calf serum, and used for experiments up to passage 5 or following immortalization by repeated passage according to the 3T3 procedure. LT␤R-deficient fibroblasts were derived from splenic or lung isolations as previously described. 28 Antibodies used in Western blots and electrophoretic mobility shift assay (EMSA) "supershifts" were purchased from Santa Cruz Biotechnology (Santa Cruz, CA): anti-p50/p105 (sc-114); anti-p52/p100 (sc-298); anti-p65 (sc-109 and sc-372); anti-cRel (sc-70); and anti-RelB (sc-226).
Gene expression analysis
Immunoblot and EMSA were performed as described. 29 Quantitative real-time polymerase chain reaction (PCR) was performed with previously published primers 20 and Applied Biosystems GeneAmp 5700 Sequence Detection System using Applied Biosystems' Sybr green kit (Applied Biosystems Foster City, CA). GAPDH (primer sequences available upon request) was used as normalization standard with 10 6 transcript units being defined as equal to the GAPDH transcript level, and cycle number differences were converted assuming 2-fold amplification with every cycle.
Flow cytometry and immunohistochemistry
FITC-conjugated B220, biotin-conjugated vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), and Thy1.1 antibodies were from Pharmingen (San Diego, CA). PE-conjugated streptavidin was obtained from Immunotech (Marseille, France). Cells were stained and analyzed by flow cytometry on a FACScan or FACScalibur using CellQuest (BD Biosciences, Palo Alto, CA) or FlowJo (Tree Star, Ashland, OR) softwares. Frozen sections of spleen were prepared, fixed, and stained as previously described. 28 Biotin-conjugated CCL21 (R&D Systems, Minneapolis, MN), Thy1.2 (Pharmingen) and FITC-conjugated B220 (Pharmingen) antibodies were used. Images were acquired using an Olympus BX41 microscope (Olympus America, Melville, NY) with a 20ϫ/0.50 NA objective and a 10ϫ/0.22 NA eyepiece, for a total magnification of 200ϫ, and an Axiocam camera and AxioVision 3.0 software (Carl Zeiss Microimaging, Thornwood, NY).
Bone marrow reconstitution
Mice were lethally irradiated with 900 to 1000 rads and adoptively transferred intravenously with 2 to 3 ϫ 10 6 bone marrow cells. Bactrim was added to the drinking water for 2 weeks following irradiation. Spleen sections from the mice were analyzed 2 to 3 months following transfer.
Results
LT␤R signaling activates specific NF-B complexes
Studies of LT␤R signaling were instrumental in defining the noncanonical NF-B activation pathway. Its hallmark is IKK1/ IKK␣ kinase activity-dependent induction of proteolytic processing of Nfkb2-encoded p100 to p52. 19 However, p52-deficient mice were reported to demonstrate impaired stromal structures inside lymph nodes that prevent its full development. 24 In contrast, LT/LT␤R-deficient mice showed no LNs, raising the possibility that other NF-B units may be critical in LT␤R signaling. To determine which other NF-B family members are also downstream of the LT␤R, we examined the composition of NF-B complexes activated in response to LT␤R signaling. Wild-type MEFs were stimulated with an agonistic anti-LT␤R antibody in a time course that elicited multiple strong NF-B DNA-binding activities, which peaked by 12 to 24 hours ( Figure 1A ). Supershift assays with antibodies against specific NF-B subunits revealed these to be primarily RelA:p50, RelB:p52, and p50:p50 dimers, with similar results seen in 24-hour stimulated extracts ( Figure 1B ). The abundance of p50-containing dimers was somewhat surprising, as most reports had focused on RelB, p52, and to a lesser extent RelA as mediators of the LT␤R signaling pathway. 20, 30, 31 A previous report did note the induction of p50-containing dimers following LT stimulation. 31 However, the importance or functional significance of p50 to the LT␤R NF-B pathway has not been well defined. The prominence of p50-containing dimers by pathways emanating from the LT␤R prompted us to further examine their physiologic role in LT signaling.
p50 and p52 are required for the development of lymph nodes
One of the major defects in LT/LT␤R-deficient mice is the failure to develop secondary lymphoid tissues such as LNs and Peyer patches (PPs). The deficiency in lymphoid organogenesis in either p50 (Nfkb1 Ϫ/Ϫ ) or p52 (Nfkb2 Ϫ/Ϫ ) mice is rather limited. 4 Moreover, p52-but not p50-deficient mice were impaired in PP formation. 30 However, analysis of mice deficient in p50 unexpectedly revealed a discriminating loss of inguinal LNs with all other nodes present at wild-type frequencies (Table 1) . Similarly, p52-deficient mice exhibited a selective but incomplete deficiency in the formation of inguinal LNs (Table 1 ). In addition, complete Freund adjuvant (CFA) immunization did not recover inguinal LNs in the Nfkb2 Ϫ/Ϫ mice, indicating a failure in LN genesis rather than maturation (data not shown). Our findings implicating p50 activation along with the current dogma of p100 processing to p52 in LT signaling led us to a new hypothesis that p50 and p52 may have their distinct roles, but also cooperate in the formation of lymph nodes. To test this idea, we intercrossed Nfkb1 Ϫ/Ϫ mice with Nfkb2 Ϫ/Ϫ mice to generate Nfkb1 Ϫ/Ϫ Nfkb2 ϩ/Ϫ , Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ , and Nfkb1 Ϫ/ ϪNfkb2 Ϫ/Ϫ mice. We analyzed LN development in the p50, p52 doubly mutant mice. Wild-type and Nfkb1 ϩ/Ϫ Nfkb2 ϩ/Ϫ mice developed a full set of LNs (Table 1) . Nfkb1 Ϫ/Ϫ Nfkb2 ϩ/Ϫ mice, in which 3 of the 4 combined p50 and p52 alleles are disrupted, revealed an additional loss of other LN types. Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ mice displayed a dramatic loss in all peripheral LNs examined with the development of occasional peripheral LNs (Table 1) . These mice also demonstrated a defect in mucosal LNs with development of a single rather than a chain of mesenteric LNs (Table 1) . Overall, the LN phenotype of Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ mice closely mirrors that of LT␤-deficient mice, further supporting the notion that p50 and p52 cooperate in transducing membrane LT signals in LN genesis. Mice in which 3 of the 4 p50 and p52 alleles were disrupted still retained mesenteric LNs. To determine if the single remaining p50 or p52 allele was responsible for the genesis of mesenteric LNs in Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ and Nfkb1 Ϫ/Ϫ Nfkb2 ϩ/Ϫ mice, we analyzed Nfkb1 Ϫ/Ϫ Nfkb2 Ϫ/Ϫ mice for development of the outstanding mesenteric LNs. Impressively, Nfkb1 Ϫ/Ϫ Nfkb2 Ϫ/Ϫ mice exhibited a complete deficiency in LN formation (Table 1) . These data, therefore, confirm our hypothesis that p50 and p52 cooperate in and together are essential for the development of LNs.
Distinct roles of p50 and p52 in LT␤R-mediated NF-B pathway
A previous study has suggested the complicated role of p50 and p52 in the development of PP. 30 The development of most or all Denominators denote the normal number of lymph nodes of each type counted and found in a wild-type mouse.
LNs in Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ mice prompted us to examine the cellular and molecular mechanisms for LT␤R-induced NF-B activity in the absence of either p50 or p52. The formation of LNs in Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ mice suggested that sufficient LT␤R signals were transduced in the absence of p50 or p52. To test this, p50-or p52-deficient MEFs were stimulated with agonistic anti-LT␤R and subjected to an NF-B EMSA. Significant NF-B DNA binding activity was detected after LT␤R ligation in both Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ MEFs, indicating that neither p50 nor p52 is absolutely required for LT␤R-induced NF-B activity, though the kinetics of activation were aberrant in the knockouts (Figure 2A) . We examined the composition of NF-B complexes activated by the LT␤R in Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ cells by probing B-siteprotein complexes with antibodies whose specificity is established through the use of gene-knockout cells ( Figure 2B ). These combined biochemical and genetic analyses demonstrate that the LT␤R activates both RelA-and RelB-containing dimers in the absence of p50 or p52. In the p50-deficient MEFs, p52:RelB complexes continued to form while p52:RelA replaced p50:RelA complexes. Similarly, stimulation of p52-deficient MEFs resulted in the activation of p50:p50 homodimers and p50:RelA heterodimers as in wild type (WT) but with p50:RelB dimers substituting for p52:RelB complexes ( Figure 2B ). These results have revealed the underappreciated roles of p50:RelB and p52:RelA complexes in transducing LT␤R signals, and further demonstrates that they are sufficient for LT␤R-mediated signal transduction of the development of most LNs as witnessed in both of the singly deficient mice.
Both p50 and p52 are required for LT␤R-mediated NF-B activation
Earlier, we had shown that p50 in conjunction with p52 are essential for LN development. Here we tested the idea that p50 and p52 together are essential for LT␤R-induced NF-B activation. To determine if the residual NF-B activation in response to LT␤R stimulation in p50-and p52-deficient MEFs was dependent on the remaining p50 or p52 genes, we analyzed p50 and p52 doubly deficient MEFs. Impressively, the agonist LT␤R antibody failed to stimulate any detectable NF-B DNA binding activity in Nfkb1 Ϫ/Ϫ Nfkb2 Ϫ/Ϫ fibroblasts (Figure 2A ). Taken together, these results demonstrate that expression of both p50 and p52 is required for NF-B activity elicited downstream of the LT␤R. These findings further support our hypothesis that the LT␤R signaling pathway uses both p50 and p52 to transduce signals essential for the development of all LNs. LT signals provide essential molecular cues that regulate the development and organization of secondary lymphoid tissues. Adhesion molecules such as ICAM-1 and VCAM-1 are highly expressed in clusters that correspond to LN and PP anlagen in the developing embryo. 1 These adhesion molecule signals are LT dependent because LT-deficient embryos fail to develop these clusters. 32 We and others have previously shown that LT␤R signaling can recapitulate adhesion molecule induction in vitro with fibroblasts or stromal cells. 22, 28 This provided us with a good model to test the individual and joint requirements of p50 and p52 in several key LT␤R target genes important for lymphoid tissue development and organization. We started by testing whether the LT␤R-induced adhesion molecules are dependent on NF-B. Fibroblasts were transduced to express a mutant form of IB␣, which acts as a superrepressor of NF-B activity. MIGR1 vector-transduced cells responded to LT␤R stimulation by inducing ICAM-1 and VCAM-1 expression. However, the ICAM-1 and VCAM-1 induction in response to LT␤R signaling was abolished in cells transduced with IB␣, demonstrating that this response is dependent on NF-B (data not shown). Agonistic antibody to LT␤R is also specific since it can stimulate wild-type cells but not LT␤R-deficient cells. This now allowed us to test the roles of specific NF-B subunits, p50 and p52, in LT␤R-induced adhesion molecules.
The LN deficiencies observed in LT-deficient and p50 and p52 mutant mice suggested that p50 and p52 play essential roles in the LT␤R signaling pathway. To address this issue directly, we tested the requirements of p50 and p52 in LT-induced adhesion molecules. Wild-type, p50-, and p52-deficient MEFs were stimulated with agonist LT␤R antibody and adhesion molecule expression was determined by flow cytometry. Although wild-type MEFs strongly induced ICAM-1 and VCAM-1 expression after LT␤R stimulation, Nfkb1 Ϫ/Ϫ MEFs responded with a very weak shift (Figure 3) . Moreover, Nfkb2 Ϫ/Ϫ MEFs failed to induce ICAM-1 and VCAM-1 expression in response to LT␤R ligation (Figure 3) . These genetic and cellular data stress the requirement of both p50 and p52 in LT␤R-induced gene expression.
p50 and p52 are required for LT␤R-mediated expression of lymphoid chemokines
The LT/LT␤R signaling pathway is also required for expression of secondary lymphoid tissue chemokines such as CCL21 and CXCL13 in lymphoid but not nonlymphoid tissues. 9, 28 In addition to their role in maintaining proper compartmentalization of T and B lymphocytes within lymphoid follicles, the chemokines CCL21 and CXCL13 and their receptors have also been implicated in LN formation. [10] [11] [12] We therefore hypothesized that LT␤R signaling induces the expression of secondary lymphoid tissue chemokines in an NF-B-dependent manner. In order to address this issue, we tested whether LT signals can stimulate the transcription of CCL21 in vitro. Treatment of wild-type MEFs with agonist LT␤R antibody augmented the expression of CCL21 transcripts ( Figure 4A ) and Cxcl13 transcripts ( Figure 4B ) as assessed by real-time PCR. We next interrogated the contributions of p50 and p52 in this process. MEFs deficient in p50 or p52 were stimulated with the agonist LT␤R antibody and tested for CCL21 and CXCL13 induction. In contrast to WT MEFs, Nfkb1 Ϫ/Ϫ MEFs induced suboptimal levels of CXCL13 and weakly induced CCL21, demonstrating the critical role of p50 in lymphoid chemokine expression downstream of the LT␤R. Nfkb2 Ϫ/Ϫ MEFs showed negligible induction of CCL21 and CXCL13 in response to LT but with a higher baseline transcription of CCL21 and CXCL13. We hypothesized that the weak responses to LT in the p50 and p52 singly deficient MEFs were the result of compensation by p52 and p50, respectively. To directly address this issue, we assayed Nfkb1 Ϫ/Ϫ Nfkb2 Ϫ/Ϫ MEFs. The weak CCL21 and CXCL13 responses in response to LT stimulation observed in the Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ cells were completely abrogated in the Nfkb1 Ϫ/Ϫ Nfkb2 Ϫ/Ϫ fibroblasts ( Figure 4A-B) , confirming our hypothesis that p50 and p52 can provide some residual activities in the absence of the other, which may be sufficient for the formation of most lymphoid tissues. Furthermore, the Nfkb1 Ϫ/Ϫ Nfkb2 Ϫ/Ϫ MEFs did not exhibit the elevated basal levels of CCL21 and CXCL13 shown by the Nfkb2 Ϫ/Ϫ MEFs. These results reveal that p50 and p52 are required for LT␤R-mediated induction of CCL21 and CXCL13 for the formation and organization of lymphoid tissues. Together these data indicate that p50 and p52 both play essential roles in LT␤R-induced adhesion molecule and chemokine expression and suggest that the impairment of LT signaling to fully induce adhesion molecules and chemokines in the LN anlagen of p50 and p52 doubly mutant mice results in LN aplasia.
p50 and p52 expression on radiation-resistant stromal cells is required for T/B lymphocyte segregation
The critical roles of p50 and p52 in LT induction of the lymphoid chemokines CCL21 and CXCL13 led us to investigate whether loss of p50 and p52 in vivo would perturb T/B lymphocyte segregation.
We and others had previously observed abnormalities in lymphocyte maturation, but rather normal T/B cell segregation in the spleens from mice deficient in either p50 or p52. 26, 33 Likewise, T/B lymphocyte segregation was maintained in lymph nodes of p50 and p52 singly deficient mice while altered in the spleens of LT␤R Ϫ/Ϫ and RelB Ϫ/Ϫ mice (data not shown). However, the cooperative roles of p50 and p52 in the formation of LNs further prompted us to investigate T-and B-cell segregation in Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ mutant mice. The paucity of mature lymphocytes, especially B cells, in the Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ mice did not allow us to adequately assess T/B segregation directly in these mice. To circumvent this problem, Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ mice were lethally irradiated and reconstituted with bone marrow from WT mice. In contrast to the WT to WT chimera, WT to Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ chimeric mice lacked welldefined T-cell zones and demonstrated perturbed T-/B-cell segregation in the spleen ( Figure 5 ). Consistent with a role for the import of p50 and p52 expression in radiation-resistant stromal cells and not hematopoietic cells in lymphocyte compartmentalization, Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ to WT chimeras did not exhibit a defect in T/B lymphocyte segregation ( Figure 5 ). Sections from LNs revealed similar T/B segregation defects in the WT to Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ chimeric mice (data not shown). Overall, we observed a severe degree of defective T-and B-cell compartmentalization in the WT to Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ chimeras that was similar but less severe than WT to LT␤R Ϫ/Ϫ chimeras and LT-and LT␤R-deficient mice. In line with the requirement for LT␤R expression on radioresistant stromal cells, T/B lymphocyte segregation was not restored in the WT to LT␤R Ϫ/Ϫ chimeras. 34 We predict that mice completely deficient in both p50 and p52 would demonstrate T/B disorganization on par with LT-deficient mice, though the experiment would be logistically difficult given the block in lymphocyte development and the runted phenotype to survive bone marrow reconstitution. These data indicate that expression of both p50 and p52 on radiationresistant stromal cells is required for T-/B-cell segregation. These findings support the notion that both p50 and p52 transduce critical signals downstream of the LT␤R to effectively organize secondary lymphoid tissues.
Discussion
LT developmental signaling through the LT␤R activates several signaling pathways that play critical roles in the development, maturation, and continued organization of secondary lymphoid organs. We show that LT activates multiple NF-B complexes, including p50:RelA, p52:RelB, p50:p50, and the poorly characterized p50:RelB and p52:RelA dimers to effect the activation of genes critical for LN development and organization of secondary lymphoid organs. Our study demonstrates that the regulation of both p50 and p52 activities is critical to every aspect of LT signal transduction and physiology we examined, and that their distinct proteolytic processing mechanisms are key to proper LT signal transduction (Table 2) . While earlier studies had focused on describing different NF-B dimers activated by LT␤R and specifying a unique function for each in terms of gene transcription, 20, 30, 31 our data from combined genetic and biochemical perturbation experiments further reveal a high degree of functional overlap as well as critical crosstalk between the NF-B pathways. In fact, here we show that adhesion molecule induction by the LT␤R is controlled by both p50 and p52, demonstrating the complexity in the system. Rather than 2 distinct linear pathways, the interdependent regulation of components of the NF-B/IB system describes a signaling network that produces multiple NF-B activation complexes.
Lymphoid organ phenotypes in NF-B-deficient mice
Mice deficient in either p50 or p52 display LT-characteristic phenotypes, indicating the necessary roles of each molecule in LT signaling and lymphoid organogenesis and organization; however, their incomplete penetrance relative to doubly deficient mice also speaks to the importance of residual LT␤R-induced NF-B signals. The discriminatory loss of inguinal LNs in Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ mice and retention of mesenteric LNs in Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ and Nfkb1 Ϫ/Ϫ Nfkb2 ϩ/Ϫ mice suggests there is a hierarchy in LN development. To put it another way, each set of LNs may have different developmental requirements. Furthermore, there is a gene dosage effect on LN development that starts to manifest itself as 2 of the 4 combined Nfkb1 and Nfkb2 alleles are lost. Interestingly, more severe defects in both T/B lymphocyte segregation in the spleen and LN organogenesis are revealed as 3 of the 4 p50 and p52 alleles are lost. The gene dosage effect does not appear to be a simple linear relationship but instead indicates a complex nonlinear cooperation between p50 and p52 for lymphoid tissue development and organization. Although Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ mice have similar deficiencies in LNs, Nfkb1 ϩ/Ϫ Nfkb2 Ϫ/Ϫ and Nfkb1 Ϫ/Ϫ 
ND indicates not detected; ϩϩϩ, full response; ϩϩ, intermediate response; ϩ, weak response; Ϫ, no response; and ϩ/Ϫ, very weak response and elevated basal levels. Nfkb2 ϩ/Ϫ mice show altered patterns in LN genesis, demonstrating the functional similarities and differences between p50 and p52. The increased sensitivity of inguinal LNs also bore out in the CCR7 Ϫ/Ϫ mice. 12 On the other end of the spectrum, the robustness of mesenteric LN development was also found in LT␤ Ϫ/Ϫ mice, which lack all peripheral LNs but selectively retain mucosal LNs. 35 In line with our hypothesis, minimal LT␤R signaling through LIGHT, another ligand for LT␤R, was sufficient for the formation of mesenteric LNs. The outstanding mesenteric LNs were lost in Ltb Ϫ/Ϫ Light Ϫ/Ϫ mice, recapitulating the LN phenotype expected of LT␤R Ϫ/Ϫ mice. 6, 36 Our genetic data clearly demonstrate the essential cooperative roles of p50 and p52 in lymphoid tissue organogenesis and organization, yet the contributions of p50 and p52 and how they fit with other NF-B pathways in unmanipulated wild-type mice remain to be determined. These genetic systems provide biologically relevant consequences of varying signal doses from full, to intermediate, to low, to nil. Our data suggest that both p50 and p52 need to be expressed on the same cell for full LT␤R activation. The combined deficiency in p50 and p52 that results in the in vivo loss of LNs supports this notion. An alternative explanation is that p50 and p52 may be expressed on different cells. For example, the loss of p50 on a hematopoietic cell combined with the loss of p52 on a stromal cell may synergize to produce the observed phenotype. This alternative theory is, however, not supported by our experimental data showing further decreased LT␤R-induced NF-B activation in fibroblasts lacking both p50 and p52, compared with single knockout cells. Furthermore, gene expression of the RelB target genes Ccl21 and Cxcl13 is blunted in Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ cells, and completely ablated in nfkb Ϫ/Ϫ Nfkb2 Ϫ/Ϫ fibroblasts. Interestingly, baseline Cxcl13 and to a lesser extent Ccl21 transcription is elevated in Nfkb2 Ϫ/Ϫ cells and is unresponsive to further LT stimulation. This finding parallels an earlier observation that pulmonary CCL21 expression is enhanced in Nfkb2 Ϫ/Ϫ mice. 28 These data strongly suggest that the constitutive activation of NF-B dimers seen in the Nfkb2 Ϫ/Ϫ cells disrupts the homeostatic regulation of NF-B, resulting in enhanced chemokine expression both in vitro and in vivo. Lastly, our data indicate that radiation-resistant stromal cells, but not hematopoietic cells, need to express both p50 and p52 to orchestrate proper T/B lymphocyte compartmentalization in secondary lymphoid organs. These results point to the requirement of p50 and p52 expression on the stromal cell responding to membrane LT signals.
Although p52-deficient mice display deficits in splenic CCL21 and CXCL13 expression, p50-deficient mice express comparable levels of CCL21 and CXCL13 as wild-type mice. 37 Our current study, however, identifies a role for p50 in the expression of CCL21 and CXCL13. The in vitro stimulation of MEFs may be more sensitive in detecting more subtle differences than in vivo chemokine expression. Moreover, the in vitro stimulations allowed us to directly address the responses specific to anti-LT␤R stimulation. There are likely many more factors that can contribute to chemokine expression in vivo that may mask the defects seen with the p50-deficient fibroblasts. Continual stimulation of the LT␤R along with other NF-B-activating stimuli may thus allow for more permissive conditions in vivo.
Our analyses of p50 and p52 in LT␤R signaling are supported by our use of MEFs for a number of in vitro assays. Although MEFs represent an excellent cellular and genetic model of p50 and/or p52 deficiency, they do not necessarily reflect the complex cell types likely required for lymphoid tissue development and organization found in vivo. The cellular heterogeneity may result from different states of maturation, activation, or microenvironments, leading to disparate responses from cell to cell. We believe the MEFs provide a reasonably good model to study LT␤R signal transduction, as our analysis of stromal cells derived from the spleen revealed similar dependencies on NF-B for induction of adhesion molecules in response to LT␤R stimulation (data not shown). In addition, we show that the MEFs are capable of inducing the lymphoid chemokine genes Ccl21 and Cxcl13 following LT␤R ligation.
NF-B dimer specificity and compensatory pathways
As described, mice deficient in either p50 or p52 do not have a global defect in the formation of LNs, despite key contributions made by p50 or p52 in LT␤R signaling. Nfkb1 Ϫ/Ϫ and Nfkb2 Ϫ/Ϫ cells contain both RelA and RelB complexes, but their regulation is perturbed. The substitution of p50:RelA with p52:RelA complexes in the absence of p50 may permit for some functional compensation, as does the switch from p52:RelB to p50:RelB complexes in Nfkb2 Ϫ/Ϫ fibroblasts. In fact, only the reduction or removal of p50 in the Nfkb2 Ϫ/Ϫ , p52 in the Nfkb1 Ϫ/Ϫ , and hence the residual and alternate NF-B dimers resulted in more pronounced phenotypes found in vivo, such as T/B segregation and LN development. Furthermore, p50:RelB dimers have been observed to be activated by LT␤R in wild-type cells but its role in the development of LNs or lymphoid microenvironment has not been presented, 38 even if our experimental methodology failed to detect this dimer. The abundance and variety of p50-containing dimers elicited by LT␤R signals in wild-type and Nfkb2 Ϫ/Ϫ cells further highlights the complexity and importance of p50 in the LT signaling cascade. The respective roles of p50:p50 homodimers and p52:RelB and p50: RelB heterodimers remain to be determined. It is not known whether the latter 2 dimers are functionally equivalent in target gene activation while being differentially regulated, and whether p50:p50 homodimers induced by LT␤R will repress or enhance transcription of genes.
The genetic ablation of p52 in Nfkb2 Ϫ/Ϫ fibroblasts resulted in constitutive NF-B activation and increased basal transcription of the lymphoid chemokines CCL21 and especially CXCL13, revealing a counterregulatory role for the Nfkb2 gene products in the NF-B network. Exactly how p100/p52 modulates the different NF-B pathways elicited by the LT␤R and other upstream signaling pathways remains an active area of research. p100 may exert its effects at multiple levels such as by inhibiting the nuclear translocation of p52 or other NF-B subunits to repress NF-B activation. 39 We had previously shown that the C-terminal domain of p100 can repress RelB binding to DNA. 30 Additionally, the transcriptional targets of p52 may act to modulate later phases of NF-B activity.
The LT␤R signals myriad biological responses pertaining to the development of lymphoid tissues. Here we reveal a novel and previously unappreciated role for p50 in the LT␤R signal transduction pathway and a critical role in a signaling network that allows for LT-responsive p50 and p52 regulation in the development of LNs. We found that the LT␤R activates a far more diverse set of NF-B dimers than previously appreciated, leading us to propose that signaling by other cytokine receptors should also be examined in terms of an NF-B signaling network to produce a multitude of factors rather than engaging distinct, linea,r canonical and noncanonical NF-B signaling cascades. Perturbation of the homeostatic signaling network by either genetic ablation (described here), allele variants in the population, random mutations in cancer cells, or possibly directed or inadvertent pharmacologic intervention can have severe consequences not only on reversible signal transduction responses as in inflammation, but also irreversibly during development of splenic and lymphoid microarchitectures.
